The southern rough shrimp Trachysalambria curvirostris is a small-sized penaeid shrimp inhabiting coastal waters of the Indo-West Pacific and eastern Mediterranean Sea. It is commercially important as a target species mainly for small-scale bottom seiners and trawlers in Japan, Korea, China, and Taiwan. In Kagoshima Bay, southern Japan, this species is one of the most dominant species in the benthic community. The reproductive biology of T. curvirostris including ovarian maturation, size at sexual maturity, and spawning season was investigated in Kagoshima Bay. A total of 5,681 female specimens were collected during June 2002 through December 2005. Ovarian maturity stages were divided into three categories (undeveloped, developing, and early ripe or ripe) based on the visual observation of ovaries fixed with 10% formalin and oöcyte diameter. The size at sexual maturity was estimated to be 17.3 mm in carapace length. The gonadosomatic index (GSI) showed a significant increase with progressing ovarian maturity stage and most of the females with GSI ! 6% were found to be matured. Percentage occurrence of mature females and inseminated females showed similar seasonal trends and the spawning season was estimated to last
INTRODUCTION
The penaeid shrimp are the most important economic resource in the world's crustacean fishery industry accounting for more than half of the gross shrimp production (Holthuis, 1980; Dall et al., 1990) and form an important component of tropical fisheries (Jayawardane et al., 2003) . Over the last three decades, numerous studies have been conducted on penaeid shrimp stocks in efforts geared towards sustainable management of these resources the world over (Pomeroy, 1995) . However, sustainable management and exploitation of these resources calls for clear understanding of their reproductive biology (Carbonell et al., 2006; Aragón-Noriega and García-Juárez, 2007) .
The southern rough shrimp Trachysalambria curvirostris (Stimpson, 1860 ) is a small-sized penaeid shrimp inhabiting coastal waters of the Indo-West Pacific and eastern Mediterranean Sea (Holthuis, 1980; Sakaji and Hayashi, 2003) . It is commercially important especially for smallscale bottom seiners and trawlers in Japan, Korea, China and Taiwan (Ueta, 1987; Kusakabe, 1997; Cha et al., 2004) .
In Japanese waters, several studies on T. curvirostris, such as distribution and spawning in Sendai Bay (Kosaka, 1979) , morphology and ecology in Tosa Bay (Toriyama, 1980) , reproduction and growth in Kii Channel (Ueta, 1987) , in Osaka Bay (Kusakabe, 1997) and in Tokyo Bay (Yamada et al., 2007) have been conducted. All of these study sites were shallow coastal waters. Further, Toriyama (1980) and Hayashi (1992) reported that T. curvirostris only inhabits shallow coastal waters with less than 50 m in depth. However, Kagoshima Bay, southern Japan, is a deep water semi-enclosed bay with a maximum water depth of over 230 m. This shrimp is one of the most dominant species in the benthic community and a target species for small-scale bottom seiners in this bay (Ohtomi, 2004) .
In Kagoshima Bay, detailed studies on this species are evidently lacking. Consequently, lack of adequate knowledge on the reproductive biology of T. curvirostris remains an impediment to the formulation of sound management strategies for this important fishery. The present paper describes the reproductive biology of T. curvirostris in Kagoshima Bay in relation to ovarian maturation, size at sexual maturity, and spawning season over a four-year study period.
MATERIALS AND METHODS

Shrimp Sampling
Shrimp sampling was conducted monthly in northern part of Kagoshima Bay at depths of 110 to 130 m (Fig. 1) . The samples were taken during daytime, once or twice a month using a commercial bottom seiner (4 t) and Nansei-Maru (175 t), a training vessel of the Faculty of Fisheries, Kagoshima University.
From June 2002 to December 2003, sampling was conducted on board a commercial bottom seiner equipped with 24.5 m long net of 27.5 mm and 20.2 mm mesh size in net body and cod end, respectively. During January 2004 to December 2005, sampling was conducted on board the NanseiMaru. This vessel was equipped with a simple trawl net measuring 23.5 m in total length and 8.0 m at mouth opening, carrying canvas kites of 1 3 1 m on the tip of the wings. The mesh size of the net was 37.9 mm in net body and 20.2 mm in cod end. Specimens sampled were immediately chilled in ice on board and fixed with 10% formalin in the laboratory. Bottom water temperature and salinity were measured at each haul during January to December 2005 using submersible data loggers (ALEC, ACT-HR and ATD-HR) attached to the head rope of the net.
Shrimp Measurement
All specimens collected were sexed according to the presence of petasma for males and thelycum for females. Carapace length (CL) was measured from the posterior margin of the orbit and the middorsal posterior edge of the carapace using a digital slide caliper (Mitutoyo, CD-15PS) to the nearest 0.01 mm. Body weight (BW) of individual shrimp was taken using an electronic balance (Shimadzu, EB-430DW) with 0.01 g accuracy. Only female specimens were used in the present study.
Females of T. curvirostris have a closed type of thelycum (Bauer, 1991) . In order to identify inseminated females, the specimens were examined by naked eye or under microscope for the presence or absence of a mating plug in the thelycum, protruding from the genital area (Bauer and Lin, 1994) . Whole ovaries were removed from each female and weighed to 0.001 g accuracy. Gonadosomatic index (GSI) was calculated as follows:
GSIð%Þ ¼ 100 3 OW=BW where, OW is ovarian weight (g).
Determination of Ovarian Maturity Stage
Ovarian maturity stage was examined for females collected from January 2003 to December 2005. The method by Gab-Alla et al. (1990) , which combines visual examination of the ovaries fixed with 10% formalin and measurement of oöcyte diameter, was used in this study. From the preliminary assessment of ovaries from 5 female specimens ranging 15.6-25.7 mm CL and 3.7-10.3 GSI, we examined under a microscope oöcyte development in the middle and posterior regions of the cephalothoracic and the anterior regions of the pleonal lobes of each ovary. The results indicated an asynchronous type of ovary, with uniform oöcyte development within the three regions of the ovaries of T. curvirostris. Therefore, determination of mean oöcyte diameter was based on 200 oöcytes, randomly selected from the anterior region of the abdominal lobes of the ovaries. According to this method, ovarian maturity stages were classified into three categories: stage I (undeveloped), ovaries transparent to opaque, mean oöcyte diameter ,100 lm; stage II (developing), ovaries cream to light yellow in colour, mean oöcyte diameter 100 to 250 lm; stage III (early ripe or ripe), ovaries yellow or dark yellow in colour, mean oöcyte diameter .250 lm. Individuals having stage-III ovaries were defined as mature females.
RESULTS
Change in Gonadosomatic Index with
Ovarian Maturity Stage A total of 5,681 female specimens were collected in Kagoshima Bay with 3,061 by the commercial bottom seiner and 2,620 by the Nansei-Maru. The carapace lengths ranged from 3.3 to 27.4 mm, while body weights varied from 0.16 to 13.38 g. The percentage occurrence of females with each ovarian maturity stage against GSI is shown (Fig. 2 ). Strong positive relationship was found between GSI and ovarian maturity stage. All the females with GSI ,2% had stage-I ovaries. Most of the females with GSI class 4-6% had stage-II ovaries although some also recorded appearance of mature (stage-III ovaries) at this GSI interval. About 80% of the females with GSI ! 6% and all the females with GSI ! 8 % were matured. Spearman's rank correlation test showed no significant correlation between GSI and CL for females having stage-III ovaries (r s ¼ 0.226; P ¼ 0.133), indicating that GSI was independent of body size. From these results, therefore, GSI was recommended as a good index for estimation of size at sexual maturity, and individuals with a GSI ! 6% could be roughly defined as mature females of T. curvirostris in Kagoshima Bay.
Occurrence of Inseminated Females
The percentage occurrence of inseminated females increased with CL (Fig. 3) . No inseminated females occurred in the samples with CL,17.0 mm. The minimum size of the inseminated female was 17.0 mm CL collected in May 2005. At CL ! 25.0 mm, all females were found to be inseminated. We recorded monthly change in percentage occurrence of inseminated females (Fig. 4) . Inseminated females occurred from May to November, and no inseminated female was recorded during January to April and December.
Size at Sexual Maturity
The relationship between CL and GSI of female T. curvirostris is shown in Figure 5 . The GSI values rose sharply at around 17.0 mm. The minimum CL of the mature female with stage-III ovaries among the specimens was 17.3 mm (collected in May 2003). Therefore, the size at sexual maturity for females T. curvirostris was considered to be 17.3 mm in Kagoshima Bay.
Spawning Season
In the sample, the individuals with a GSI ! 6% occurred during May to November, and the mean GSI was highest during June and July. We noted the monthly change in percentage occurrence of female T. curvirostris in each ovarian maturity stage (Fig. 6) . The data of juveniles with less than 17.3 mm CL were not considered in this analysis. Females having stage-I ovaries occurred throughout the year, while females having stage-II ovaries occurred from April to November. Mature females having stage-III ovaries only occurred from May to November with the highest percentage during June and July. These results indicated that the spawning season of T. curvirostris in Kagoshima Bay lasts from May to November and the main spawning season is during June and July.
Water Temperature and Salinity
From the monthly changes in bottom water temperature and salinity at the sampling site in Kagoshima Bay (Fig. 7) , one can note that there was no marked seasonal trend in bottom water temperature, which remained fairly constant at around 168C throughout the year. Maximum and minimum water temperature was recorded 18.28C in January and 15.68C in March, respectively. In case of salinity, the maximum and minimum value was recorded 34.0 psu in July and 31.4 psu in December, respectively. There was no distinct seasonal trend in bottom salinity in this bay.
DISCUSSION
Information regarding on any biological aspects of T. curvirostris from the deeper waters are quite insufficient and the data quality and methods of previous studies on reproduction from the shallower waters are not also clearly defined (Ueta, 1987; Gab-Alla et al., 1990; Kusakabe, 1997; Yamada et al., 2007) . However, the site of the present study, Kagoshima Bay, is a deep-water, semi-enclosed bay with maximum water depth of over 230 m, and T. curvirostris seemed to spawn successfully in the bay where the water depth is over 100 m. Ohtomi and Irieda (1997) reported that studies on the population biology of deep-water species are quite difficult due to the complexity of collecting a long time series of large samples. In the present study, however, collection of a series of large samples from this bay was possible using a commercial bottom seiner and a training vessel.
Histological observation of oöcytes is considered as one of the most accurate methods for the definition of mature females (Ohtomi et al., 2003; Carbonell et al., 2006) . In this method, the appearance of cortical crypts in the peripheral part of the cytoplasm in oöcytes is identified as a sign of spawning for some penaeoid shrimps (Bell and Lightner, 1988; Tan-Fermin and Pudadera, 1989; Ohtomi et al., 1998; Ohtomi et al., 2003) . In the present study, it was not possible to distinguish the prematuration stage from the yolk granule stage due to lack of cortical crypts. However, Miyajima and Matsumoto (1996) recorded spawning in 7.1% females of pond-reared kuruma prawn Marsupenaeus japonicus Bate, 1888 with oöcytes before the appearance of cortical crypts. While studying Metapenaeopsis aegyptia Galil and Golani, 1990, M. barbata (De Haan, 1844) and M. sinica Liu and Zhong, 1986, Sakaji (2001) recorded no cortical crypts for these species. Similarly, no cortical crypts were recorded in M. dalei (Rathbun, 1902) , even when night samples were used (Sakaji et al. 2000; Sakaji, 2001) . Evidently, the development of visible cortical crypts might not be a prerequisite to spawning in female T. curvirostris. Therefore, the present study categorized T. curvirostris ovaries on the basis of ovary colour and oöcytes diameter as a reliable method.
In the present study, GSI was independent of CL for mature females of T. curvirostris and significantly increased with ovarian maturity stage. All the females recording a GSI ! 8% were found to be mature compared to almost 80% of females with GSI ! 6. Consequently, the use of GSI as an index for estimating sexual maturity in females is recommended as a reliable method for T. curvirostris in Kagoshima Bay. In Osaka Bay, central Japan, Kusakabe (1997) reported that female T. curvirostris first attained sexual maturity at GSI ! 8%, which is slightly higher than the GSI value recorded in Kagoshima Bay. In Tokyo Bay, on the other hand, 64-100% of females in the population attained ovarian maturity at a considerably lower GSI ! 3% compared to the present study (Yamada et al., 2007) .
The size at sexual maturity is of special interest in fisheries management and is widely used as an indicator for minimum permissible capture size (Lucifora et al., 1999) . Available information on size at sexual maturity of shrimps from plot of percentage occurrence of mature females against length class can be obtained from the resulting logistic equation (Cha et al., 2004; Choi et al., 2005; Yamada et al., 2007) . Several studies have reported low accuracy in the estimation of size at sexual maturity of penaeid shrimps using this logistic equation (Gab-Alla et al., 1990) ; hence, its suitability is questionable for organisms with short life cycles such as T. curvirostris. Garcia (1985) also reported that using the proportion of mature females as an index for the population reproduction was highly biased. In the present study, the size at sexual maturity for female T. curvirostris was estimated by the relationship between CL and GSI and the minimum size of mature females.
The estimated size at sexual maturity in Kagoshima Bay, 17.3 mm CL, was comparable with the earlier studies (Kosaka, 1979; Gab-Alla et al., 1990; Kusakabe, 1997; Yamada et al., 2007) . Cha et al. (2004) reported 15.4 mm CL as the size at which 50% of T. curvirostris females from Yellow Sea were found to be mature, while at 16.5 mm CL most of the females were found to be inseminated. On the other hand, the size at sexual maturity of T. curvirostris reported in the Suez Canal was 19.0 mm CL (Gab-Alla et al., 1990) . In Sendai Bay, northern Japan, sexual maturity was first attained after one year, at 68.0 mm body length (Kosaka, 1979) while in Kii Channel, central Japan, Ueta (1987) estimated the smallest size for spawning female of T. curvirostris as 55.0 mm BL based on GSI values. In a recent study in Tokyo Bay, results similar to the present study were reported by Yamada et al. (2007) , who estimated size at sexual maturity as 17.0 mm CL after recording vitellogenic oöcytes in 50% of the female population. The study also revealed that the smallest individual reaching ovarian maturity as 14.4 mm CL based on histological observations of ovaries. These variations may be attributed to differences in environmental factors, particularly water temperature, population densities, and food availability. More detailed studies are needed to provide further insight into the specific combination of factors affecting the size at sexual maturity in different populations of T. curvirostris.
In the female shrimps having open type of thelycum, e.g., Solenocera melantho de Man, 1907, insemination occurs only in the spawning season (Ohtomi and Yamamoto, 2001) . In contrast, inseminated females occur throughout the year in the shrimps having closed type of thelycum such as Trachypenaeus [Rimipenaeus] similis (Smith, 1885) and M. japonicus (Bauer and Lin, 1994; Ohtomi et al., unpublished data) . For T. curvirostris, insemination occurred only in the spawning season, from May to November, although the thelycum of this shrimp was closed type. The longevity of this shrimp in Kagoshima Bay was estimated to Fig. 7 . Monthly changes in bottom water temperature and salinity at the sampling site in Kagoshima Bay (see Fig. 1 ) during January to December 2005.
be around 1 year based on length frequency distributions (Hossain and Ohtomi, unpublished data). Therefore, we can conclude that the occurrences of inseminated females are also a good index for the estimation of spawning season particularly for T. curvirostris.
The spawning seasons of T. curvirostris estimated in the Japanese and adjacent waters are shown in Table 1 . The length of the spawning season tended to be longer in lower latitudes. In Tokyo Bay, the spawning season of T. curvirostris extended from May to October and it was noted that water temperature had a marked effect on the onset of gonadal development in this shrimp (Yamada et al., 2007) . However, in Kagoshima Bay, environmental factors showed no seasonal trends and bottom water temperature rarely fell below 158C even during the winter season. Consequently, the effect of water temperature on maturation and spawning of T. curvirostris are not distinctively evident in Kagoshima Bay. The cumulative value of monthly average in bottom water temperature for one year was 1908C in Kagoshima Bay. This value was similar to that in Tokyo Bay (around 1888C) (Yamada et al., 2007) and the estimated spawning season for T. curvirostris was also similar between these two regions. Therefore, the cumulative water temperature after the settlement might be a factor for the beginning of the spawning season for this species.
Another physical factor, salinity, also showed little variations. Similar results were observed by Orton (1920) who reported that the variations in salinity had little or no effect on the spawning patterns of marine benthic invertebrates. However, the effects of food availability for planktonic larvae on selection of the temporal patterns of the spawning were reported from a number of studies reviewing reproductive periodicity in invertebrates (Bauer, 1989 (Bauer, , 1992 Pearse et al., 1991; Bauer and Lin, 1994) . Therefore, more detailed studies are needed to ascertain the influence of factors such as primary productivity (plankton) as ultimate factors controlling the temporal (seasonal) patterns in spawning of T. curvirostris in Kagoshima Bay.
Observation of asynchronous ovaries containing oöcytes at various developmental stages showed that T. curvirostris was evidently a multiple spawner. However, the frequency of spawning and fecundity of this species in Kagoshima Bay could not be concluded exhaustively. Detailed studies on total fecundity of females by determining batch fecundity, frequency of spawning and abundance of breeding stock are further necessary in formulation of appropriate stock management strategies for T. curvirostris in Kagoshima Bay, southern Japan. 
